
FORAERONAUTICS

TECHNICAL

GRAIN-BOUNDARYBEHAVIORl?J

ByF. N. Rhines,W. E. Bond,

OFALUMINUM

andM. A.

CarnegieInstituteof Technology

Washington
December1955

BICRYSTALS

— .-

-! ---

----



.Z
TECHLtBWY K.MB,NM

NATIONALADVISORYCOMMITTEEFORAERONAUTICSInllnlllooluu
00bbL77

‘I!E~CALNO’Hl3556

GRAIN-BOUNDARY13EBAVIORIN CREEPOFAWMINUMBIC!RYSTALS

By F.N.Rhines,W.E.Bond,andM.A. Kissel

Theglidingofonemetalcrystalwithrespectto anotherparallel
totheirmutualgrainboundaryhasbeenstudiedinpurealuminumbicrys-
talsduringisothemnalcreepattemperaturesrangingfrom200°to 650°C
understaticstressesof10toI,600psi. Themotionis spasmodicand
beginswithan inductionperiod.Itsdirectionisdeterminedby thatof
themaxhumresolvedshearingstressintheplaneofthegrainboundary,
butitsratedependsaswellupontheanglethroughwhichtheactiveslip
systemsarebentastheycrossthegrainboundary,beingthehigherthe
greaterthedistortionatthegrainboundary.Theoverallglidingrate
isa linearfunctionofthecubeyootoftimeandbearsanArrhenius
relationshiptothetemperature,anditslogarithmisproportionalto
thestress,oversmalJrangesof stress.Shearingoccurswithina zone
offinitethickness,whichbecomesthickerwithtime,increasingtemper-
ature,andincreasingstress.Themetalwithinthiszoneis composedof
subgrainsthatrotatebackandforthaboutanaxiswhichis sometimes
theoctahedral.axisoftheparentcrystal.Rupture,whichisneverinter-
granular,isprecededby a suddenincreaseintherateofuniformexten-
sioninoneofthecrystals.TheIEChSlliSDlofgrain-boundaryglidingiS
describedasa coordinatedalternationof slipandrecoveryina chain
of subgrainsdOIlg the grain boundary.Thisconceptisemployedto account
bothfortherateofprimarycreepdndforthetransitionfromprimaryto
steady-statecreep.

Recenteffortsto

INTRODUCTION

developalloysof superiorelevated-temperature
creepresistancehaveheightenedinterest& thefunctionof.&ainbound-
ariesincreep,bothbecausecoarse-grainedmaterialsarefoundto exhibit
greatercreepresistant?athightemperatureandbecausehigh-temperature
creepruptureisusuallyinter~anular.Thepresentresearchwasunder-
takeninanefforttogaina mbrecompleteunderstandingofthebehavior
ofgrainboundariesincreepinthehopethatsuchknowledgemightprove
usefulinguidingthecontinuingsearchforbetteralloys.Thispaper
summarizestheresultsof4 yearsofwork,a portionofwhichwasreported
inreference1.
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Thesmorphous-metalhypothesis,throughitsassmrptionthatmetal
grainsarejoinedby a layerofviscouscement,wasresponsibleforwhat
wasprobablythefirstobservationofintergranulardisplacement.
RosenhainandHumfrey(ref.2),seekingexperimentalsupportforthis
hypothesis,abservedthatiron,mildlydeformedata hightemperature,
yieldspredominsmtlyalongthegsmmagxainboundaries.Moreorlesscon-
currently,Andrade(ref.3)employedtheamorphous-metalconceptto
accountforsteady-statecreep,whichhe associatedwithviscousflow
upongrainboundariesandoperatedslipplanes.Whenthetungstenlimp
filamentwasunderdevelopment,itwasfoundthattheprincipalcauseof
saggingishigh-temperaturecreepby gain-boundaryflow,or “offsetting,”
astheeffectwasthenlmown.ClarkandWhite(ref.4)firstpointed
outthatfine-grainedmetalsaregenerallylessresistsa.tto creepunder
lowstressandhightemperaturethancoarse-grainedmetals.

Throughsubsequentyearswain-boundaryflowhasbeenobservedin
severalmoremetalsandalloysincludinglead,tin,aluminum,magnesium,
andalloysinvolvingthesemetals(refs.5 to 21),butonlyrecentlyhas
therebeenanyintensiveinquiryintothenatureofthephenomenonitself
(refs.7 to 20). Uponthebasisofresultspublishedin1952and1953,
it isapparentthatgrain-boundarymotionisheterogeneousinseveral
respects.First,itis spasmodic,proceedingina successionof surges.
Grantandcoworkers(refs.8 to 13)werethefirsttoreport-tMs,but
theyinterpretedtheirobservationasmeaningthatthepossibilityof
flowuponanyone~ain boundarybecomesexhaustedandthatmotionis
resumedonlyupona freshboundary,ha- beenproducedby themigration
oftheoriginalboundary.b theesr~erreportuponthepresentwork
(ref.1),spasmodicglidinguponwhatappearedtobe stationarygrain
boundarieswasrecorded.Furtherstudies,describedbelow,seemtobear
outthisinterpretation.

Theheterogeneousnatureofgrain-boundarydisplacementisfeltalso “
inthedistributionofplasticdeformationinthemetaladjacenttothe
grainboundary.EetteridgeandIYs&lin(ref.7)wereearlyinpotitfng
outthatgrain-boundaryshearinpol.ycr@alsisnecessarilyaccompanied
by compensatingdistortionsinthosegrainsuponwhichtheendsofthe
grainboundariesimpinge.Grantandcoworkers(refs.8 to13)andMcLean
(ref.16)remarkedupona localizedintensificationofdistortionofall.
crystalsadjacentto slidinggrainboundaries.PuttickandKing(ref.15)
wentfartherinpostulatingthedevelopmentofcorrugationsinthegrain\
boundaryin sucha wayastodetermotionalongit. Theyoffered,in
etidence,picturesof sepsratedtincrystalshavingwavygrainsurfaces
thatwereexposedby partingthebicrystal.subsequentto creeptesting
by theintergran- penetrationofmercury.A moredetaileddiscussion
ofdeformationalongthegrainboundarywasincludedintheearlierreport
uponthepresentresearch(ref.1),whereinitwasindicatedthatthe .7
distortionconsistsinan intensificationoftheblockrotation,whichis
occurringto a lesserdegee elsewherewithintheextendingcrystals.
Furtherverificationofthisinterpretationisnowavailable. ,

—— .——
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Despitesuchevidence.oftheheterogeneousnatureofgrain-boundary
displacement,itappesrstohavebeenwidelyassumedthattheprocess
occursasa shearuponan interfacebetweenthecrystals.Oneofthe
presentauthorsisalreadyonrecord(ref.1)tothecontrary,however,.
andnewevidencewillbe presentedhereto showthatthemotionwhichis
calledgrain-boundaryshearis,infact,distributedthrougha layerof
metalofsubstantialthickness.

As ofnow,thepresentinvestigatorsalonehavereportedan intensive
studyoftherelationshipsbetweencrystalorientationandgrain-boundary
motion.Tntheearlystudies(ref.1) itwasfoundthatthereisno
relationshipbetw&engrainorientationandthedirectionofmotionatthe
grainboundary;thisdirectionisdeterminedlythedirectionofthemax-
imumshearingstressparalleltothegrainboundary,a conclusionwhich
hassincebeenverifiedbyGrantandcoworkers(refs.8 to 13). w rate
ofthegrain-boundarydisplacementis,however,criticallysensitiveto
grain-orientationrelationships.Theoriginalstatementofthepresent
authorstotheeffectthattherateincreaseswiththedegreeof orien-
tationmismatching(ref.1) cannowbeparticularizedinthestatement
thattherateincreaseswiththebendingandtwistingoftheslipelements
astheyoperateacrossthegrainboundary.

WiththeexceptionoftheresultsofKe (refs.22to 24)andcon-
trarytothepredictionofAndrade,allpublishedevidencetodateindi-
catesthattheglidingratedecreaseswithtime.Essentiallyidentical
time-displacementpatternshavebeenreportedby PuttickandKing(ref.15),
Grsntandcoworkers(refs.8to 13),McLean(ref.17),andFindleyand
Cochardt(ref.1). McLeancommentstotheeffectthatKc’sresultscan
applyonlyto anextremelyearlystage,andas suchrepresenta specialcase.

Uniquetothepresentinvestigationisthefindingofan induction
periodprecedingmotionuponthegrainboundaryandtherecognitionof
twokindsofratesofgliding,oneassociatedwiththeindividus.1surges
andonewiththecumulativemovementoverlongtimeintervals.The
instantaneousmotionvaries,initsmagnitude,linearlyti,ththetemper-
ature,whilethecumulativedisplacementconformstotheArrheniusrelat-
ionshipwithanactivationenergyofapproximately10,000caloriesper
mole. Theseobservationshavealreadybeenreported(ref.1).

Thenewfindingspresentedinthepresentpaperaretheproductof
thedetailedobsemationofgrain-boundarydisplacementandconcurrent
crystallineflowinnearly100purealuminumbicrystalstestedin creep
overalmostthefullrangesof stresssmdtemperaturewithinwhichgrain-
boundarydisplacementcouldbemadeto occur.Abouthalfofthebicrys-
talsweretestedtofracture,somefort*s approaching1 yesx. Both
beforeandaftertestingmostofthesampleswerefurtherstijectedto
metallograpbicandX-raycrystallographicexamination.Franthiscom-
prehensivestudyitisnowpossibleto describegrain-boundarygliding
inconsiderablygreaterdeatilthan@s beenpossibleheretofore.
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ThepresentinvestigationwasconductedattheCsrnegieInstitute
Technologunderthesponsorshipandwiththefinancialassistance .
theNationalAdvisoryCmmitteeforAeronautics.Way personshave

contributedtothepl.a&ng,conduct)d titerpretationoft~s rese=ch~
Amongthosewhohavemadeespeciallyimportantcontributionsto the
p~ smdinterpretationsreDrs.A. W. CochardtandH.W.Paxton.
Thosewhohaveparticipatedat onetimeoranotherinvariouscapacities
intheconductoftheworkincludealsoMessrs.T.W.Eichelberger,
R. C. Schell,L.T.Lloyd,A. Platt,J.Ndzak,F.Bourriaud,G.Hook,
J.Hobman,C.Vogley,E. G.~ey, F.DeMarco,E.~ows~~ R.R~l~
A. Nemy,andK. Semlak.Specialthanksareduetomembersofthestaff
oftheMetalsResearch=boratorywhohaveaidedby theircounseland
particularlytoDr.G.T.Home andRev.R.W. Turner.Themetalused
anditsdetailedanalysiswerefurnishedby theAluminumCompanyof
America.Thespecialcold-topprocessemployedinmakingthereference
gridsuponthebicrystalswasmadeavailableandthenecessarymaterials
weresuppliedthroughthekindcooperationofMr.D: L. Goffredoofthe
AmericanNewspaperWlishers AssociationLaboratoriesofEaston,
Pennsylvania.

Purealuminum(99.95percentpure)wasusedexclusivelyinthis
research,partlybecauseofthee~st~ backgro~dof~wledge ofthe
creepbehaviorofthismetal,butmainlybecauseoftheadvantagesthat
itofferedintheeaseof specimenpreparationandtheconvenienceof
thetemperaturerangeinwhichtheeffectstobe observedwereknownto
occur. spectrographicanalyses‘madeuponspecimensreadyfortesting
showedonlya minordeteriorationofthepurityofthemetal.Themajor
impuritywascopper,about0.005percent,fo~owedbyironzC~@UM~
silicon,andmagnesium,eachalout0.001percent}~ sodi~~d cal-ci~Y
each0.0001percent.No otherelementwasfoundina spectrograp~cu
detectablesmount.

Mostofthestudiesreferredto inthispaperweremadeuponbicryB-

talswhichwereintheformofbarsappromtel.y1: tiches10U,

3/8inchwide,and1/8inchthickhavingatmidlengtha nearlystraight
andflatgrainboundaryperpendiculartothebroadfacesandcrossing
thebreadthofthebarata predete~ed -e> USW~ 45°totheIon- “
gitudinalaxis(seefig.1). Allbuta veryfewofthesebarswerecut

——
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fromcosrse-grainedrolledalminumplatewhichhadbeenpreparedby
strain-annealing.Thefewotherswerecutfrancastbicrystalsthat
hadbeenmadefromthesamemetal.by a thermal-wadienttechnique.After
etchingandelectropolishingto removeallstrainedmetal,a patternof
squarereferencemarks,133totheinch,waslightlyphotoengravedupon
oneofthebroadfacesofeachbar (seefig.2). Theelectropolisbing
lefta transparentoxidecoating~ch couldbe Mgely removedwitha
phosphoricacidsolventbutwhichwasusuallyleftinplaceasprotection
againstrapidtarnishingatthetemperatureofcreeptestingbecause
nearlyalltestswereruninair.

A planofthemeasurementsmadeduringthecreeptestingofthese
barsisshownschematicallyinfigure3. Shearparalleltothegrain
boundarywasmeasuredby thelateraldisplacementA ofthetwoportions
ofa referencescparewhichstraddledthegrainboundary.Similarmeas-
urementsweremadesimultaneouslyatthreeormorepositionsalongthe
grainboundaryandtheresultswereaveraged.At thesametime,the
extensionofeachgrain(Bl and B2)closetothegrainboundarywas
measuredoveran initialgagelengthof0.32centimetereach. “Total
extension”C wasmeasuredacrossthegrainboundaryovera gagelength
initially0.7centimeterlong.

Priortotesting,theorientationofeachcrystalwasdetermined.
Thebarwasthensuspendedbetweenfile-facedgripsina verticaltube
furnaceopentotheatmosphere.At thebeginningofthetestthefurnace
wasfirstadjustedtothedesiredtemperatureandan initialsetofmeas-
urementswastakenwitha measuringtelescopefocusedthroughan optical.
glasswindowinthefurnace.Thena weightadjustedtothecrosssection
oftheindividualsamplewascarefuldysuspendedfrcmthelowergrip.
Lmnediatel.yanothersetofreadingswastaken,folILowedby readingsat
increasingtimeintervalsuntilthefrequencybecameoncedaily,which
frequencywasmaintainedthroughoutthebalanceofthetest.A sumary
oftheproductivetestsisshownintableI. Wheneverpossible,after
testing,thespecimenwasreenminedmetal.lographicalQandby X-ray
diffraction.

PRECISIONOF~S

Whentheprecisionofthemeasuringtelescopesusedandthemagnitude
ofthehman errorinlocatingthereferencepointsfromdayto dayare
considered,itisprobablysafetoassumethatthemeasurementsofgrain-
boundarydisplac-ntareaccuratewithin0.005millimeter.W comparing
theresultsamongaldtests,differencesingrain-boundarydisplacement
exceeding0.010millimeterarebelievedto exceedthetotaloftheexper-
imentalerrorfromallsources.Thesamelinealerrorapplied-to the
shortgagelengthsusedinmeasuringtheextensionwithineachgrainand
thetotalelongationastridethegrainboundarymountsto 0.5percent
fortheformerand0.2percentforthelatter.

——-—-.—.—..- .—. —
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Asidefromperiodsofactti controlfailure,thetemperaturevar-
iationdidnotexceed*5°C. Althoughthermalgradientsofasmuchas .
5°C werefoundwithinthelengthofindividualspecimens,itisunlikely
thatthetemperaturevariationalongthelengthofanyonegrainboundary
exceeded1° C. Testingtemperatureswerereadbymeansofanatiliary
thermocoupleplacedclosetothespechensatthegrainboundary.Errors
inthisreadingresultingfromcalibrationdriftarethoughtnottohave
exceeded3°C.

Theorientationsofthetwograinsofeachbicrystslwereusually
detemdnedpriortotestingby theLaueback-reflectionmethodusing
Greningercharts.Thismethodiscapableofanaccuracyapproaching1°
ofarc. Higherprecisionwasattainedby goniometerreadingsofetch-
pitorientations,buttheuseofthismethodwasemployedinonlya few
instances.

Loadswerecalculateduponthebasisoftheinitialdimensionsof
thesamplesad weremadeup in shotthatwascsrriedina taredbucket.
No goodmeansisavailableforassessingtheerrorinthisprocedure,
butitisunlikelythatitexceeded1 percent.Thevariationinthe
unitloadresultingfromchangesinthedimensionsofthesamplesatthe ‘
grainboundarycouldnothavemuchexceededthisfigurebecausethe
neckingofthesamples,priortofracture,neverwasobservedto extend
totheregionofthegrainboundary.

in full,
exhibit.

EXPEKMENMLRESULTS

experimentalresults,whicharetoovoluminousforpresentation
areheresummarizedintermsoftherelationshipsthatthey
Inordertomakethepresentationeasiertofollow,itis

introducedby a briefstatementofthegrosseraspectsofgr&in-boundary
gliding.

Althoughtheapplicationofa smallstressto analuminmbicrystal
heldatanelevatedtemperatureresultsinan immediateandcontinuing
overallextension,thelateraldisplacementofonegrainwithrespectto
theotherdoesnotbeginuntiltheexpirationofa moreorlessextended
inductionperiod.Thenanapparentshearparalleltothegrainboundary
begitiat itsmaximumvelocityanddeceleratesuntilthereisagainno
moreperceptiblemotionoveranextendedperiodoftime(seefig.4).
Laterthereisanothersurgeofdisplacementofonegain withrespect
totheother,anotherrestperiod,andsoonina seriesofcycles.The
magnitudeandfrequencyofthecyclesdecreasesomewhatwiththepassage
oftimeandincreasewithrisingtemperatureandstress.Whiledevi- !,
ationsfromthiskindofbehaviorareccmmonandwillbe describedpres-
ently,a clesrl.ydefinedcyclicgrain-boundarydisplacementappearsto
be thebasicpatternoftheprocess.
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At thelowesttemperatureatwhichtheeffectisobserved,shear
alongthegrainboundaryhastheoutwsrdappearanceofbeingsharp.As
thetemperaturerises,however,itseemslessandlessthatthereisan ~
interfaceof shearandmoreandmoreasthoughtheshearisoccurring
inhomogeneouslywithina grain-boundarylayerofverysubstantial.thick-
ness.Belowa certaintemperature,whichdecreaseswithincreasing
stress,grain-boundaryglidingfailsto developatall.,whileint~
rangeofhightemperatureandstresstheeffectsomergesintothegross
generaldistortionofthegrainsthemselvesasto loseitsindividuality.
A comparisonofthepresentfindingswiththeresultsofpublishedstudies
relatingto grain-boundarydisplacementinpolycrystallinealuminum
suggeststhattheeffectisobservableoversomewhatbroaderrangesof
temperatureandstressinpolycrystallinematerial.

Iateralmotionatthegrainboundaryremainspsnlleltotheref-
erencesurfacesolongasthegrainboundaryisperpendiculartothe
referencesurface.Thisistrueregardlessofthecrystallographicori-
entationspresentinthebicrystal.Therateofgrain-boundarygliding,
however,ishighlysensitivetotheorientationrelationships,their
initialinfluencepersistingthroughthelifeofthecreeptest,even
thoughthecrystalsthemselvesmaysuffer,considerableelongationsnd
apparentdistortion.Innoneofthepresentstudiesdidgrain-boundary
displacementproceedtofailurealongthegrainboundary.Rupture,when
itoccurred,wasalwaystranscrystallineandneverclosetothegrain
boundary.

InductionPeriod

Theinductionperiodvariesinitsle@h overa broadrange,
dependinguponthecrystallographicorientationrelationships,thetem-
perature,andthestress.Shortinductionperiods,smountingto as
littleasa matterofminutes,areassociatedwithlargeorientation
differencesbetweenthecrystals,hightemperature,andhighstress.
At theoppositeendofthescale,periodsaslongasa month(inone
case5 months)precedinggrain-boundaryglidingareencountered.The
onsetofmovementattheendoftheinductionperiodisalwaysabrupt
andseemsinnowayrelatedtoanyexternal.mechanicalorthermaldis-
turbance.Becauseofthevigorwithwhichmotionalwaysproceededat
theendoftheinductioninterval,itseemsthatthethresholdbelow
whichthereisnomotionisineffectthetemperatureandload~it
belowwhichtheinductionperiodbecomeslongerthanthepatienceofthe
experimenter.

Ina seriesof studiesconductedlaterthanthosediscussedinthe
presentpaperitwasfoundthattheinductionperiodcmbe obsened
onlyifthemeasurementsaremadeina directionotherthanthatofthe

.

—.— . . . .— ———— . —... .— —---- ——— .-..
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appliedstress.IfmeasurementsequivalenttothoseatpointsA in
figure3 aremadeverticallyinsteadofhorizontally,a uninterrupted
extensionisfound,itsratebeingsomewhatlargerthsathatmeasured
overthelengthsBl, BP>

Cyclicmotioninmany
ortwosurges.Tworather

—
and C:

CyclicMotion I

casesbecameindistinctafterthefirstone
closelyassociatedcircumstanceswereiden-

tifiedas causes.Oneoftheserelatedtothefactthatmotionwasnot
alwaysequalorconcurrentatallpositionsalongthegain boundary,
sothattheaveragingofdisplacementreadingstakensimultaneouslyat
threepositionstendedto smearoutcycleswhichwerelocallydistinct
(seefig.5). Suchirrexities weremorenoticeablein ssmplestested
atthehighesttemperatureandstresses.Inthemostextremecase,a
bicrystalundertestat 800psiexhibitedextensivedisplacementalong
halfof itsgrainboundarywhileno displac-ntatallhadoccurred
alongtheotherhalf.

Theothercauseoftheobscur~t ofCYCMCmotionisassociated
withthebroadeningofthezonewithinwhichthegrain-boundarymotion
occursandwiththefine-scaleinhomogeneityofthemovementswithinthis
zone.Whentheactivezonesoincreasesasto engdfthereference
points,thereadingsbecomeerratic,oftento sucha degreeasto con-
cealallbutthecoarsestfeaturesofthegrain-boundarydisplacement
(seefig.6). Uhderthesecircumstsmcesitiscommonforthemeasure-
mentsto reportfictitiousnegatiyedisplacementfrm timetotime.
Thisoccursbecausethereferencepointsarebeingrotatedhackandforth
(almostasthoughtossedaboutupona choppysea)by thelargeandccm-
plexmovementswtthintheregionofrapidplasticmotion.SomeIdeaof
themagnitudeofthiseffectcanbe obtainedby a carefulexaminationof
photomicrographsofthereferencepatternsinthesffectedareasrecorded
sftercreeptesting(seefig.7). Onceerraticreadingshadbegun,they
continuedforthebalanceofthetest.

A rathersurprisingcharacteristicof spasmodicdisplacementwas
revealedby a seriesoftemperaturecontrolfailures,by reasonofwhich
thespecimentemperaturewaspemittedsuddenlyto increaseseveralhun-
dreddegeesfora brieftime. Whenthisoccurredduringtherestperiod
thegrainboundarydidnotbeccmeactivebutremainedatrestforthe
normaltime,resumingglidingdaysorweekslaterasthoughthetemper-
aturehadremainedconstant.If,ontheotherhand,motionwasinpro-
gress,orwasaboutto start,theextentofdisplacementduringthe
periodofoverheatingwasusuallyverylargeindeed,as showninfig-
ure8. Inthisillustrationitis shownthata briefriseof100°C !!
duringtheprogressofglidingincreasedthedisplacementinthatcycle,
butwhenthetemperaturewasadjustedupward50°C duringa mibsequent
restperiodthestateofrestcontinued.

.

— -—— .— .— ——.
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Ithasbeenfoundfrcmlaterstudiesthatcyclicmotion,aswell
asthepreviouslydiscussedinductionperiod,csmbe observedonlyif
themeasurementsaremadeina directionotherthemthatoftheapplied
stress.Asmentionedbefore,ifmeasurementsequivalenttothoseat
pointsA infigure3 aremadeverticallyinsteadofhorizont~, sn
uninterruptedextensionisfound,itsratebeingsomewhatlargerthan
thatmeasuredoverthelengthsBl, B2,and C.

InfluenceofTimeonRateofGrain-Be_ Displacement

ThattheoveraUrateofgrain-boundarydisplacementdecreaseswith
thetimemaybe seenby a casualinspectionofanyofthetime-displacement
curves,suchasthatoffigure4-.Suchcurvesbecomeapproximately
straightlineswhenthedisplacementisplottedasa functionofthecube
rootofthetime.Eachcurve,however,hasa differentslope,thevalue
ofwhichdependsuponthespecificorientationrelationshipexisting
betweenthepairofcrystalsconcerned.H a largenumberof suchcurves
allpertainingto a singletemperatureandstressareaveraged,thereis
obtaineda nearlysmoothstraightline,theslopeofwhichapproximates
theaverageforallpossiblecombinationsof crystal.orientation(see .
fig.9). Irregularitiesinthecurvesarisingfromspasmodicgliding
arelargelysmoothedby averagingbecausethecyclesareof somewhat
diversedurationindifferentssmples.An hpressionofthespreadin
theslopeofthecurvesincludedintheaverageisgivenby thebreadth
oftheshadedareasinfigure9.

Theinstantaneousrateofmotionduringtheactiveportionofeach
cycleofglidingis,ofcourse,muchgreaterthantheaveragegrossrate
referredto above.PuttickandUng (ref.15)suggestedthattheinitial
displacementintinbicrystalsisnotonlyveryrapidbutalsolinear
withthetime. Thecircumstancesofthepresentstudiesmakeitdifficult
to decidewhethertheinitial.rateis,infact,linear,becausethepresent
methmiofmeasurementistoocumbersometoyielda sufficientlyrapid
successionofearlyreadings.Themeasurementsusuallyshowthata
majorportionofthedisplacementhasoccurredbetweenthefirsttwo
readingsandthatglidingthengradualJydiesoutina matterofdaysor
hours,dependinguponwhetherthetemperatureislowor

InfluenceofTemperatureonRateofGrain-Boundary

Theinfluenceoftemperatureupontheoveraldrate
WLY~inpr~ciple~be iso~tedexper~nt- eitherby

high.

Displacement

ofdisplacement
fixingthecrys-

tallographicorientationorby employinganaverageofmeasunmentsin
whichtheorientationeffectiswellrandomized.Thelatterprocedure
isbestadaptedtothepresentresults.Usingaveragedisplacement
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graphssuchasthoseoffigure9,temperature-
ofthetypeofthatgiveninfigure10areobtained.
10hastheformthatistypicalof chemical-rateproc-
tieldsa heatofactivationof11,000* 1,000calories

permole. Thisv&e is slightlyhigher.thanthatpr&iously”reported
(ref.1),thoughperhapsnotsignificantlyso.

Itwasreportedpreviously(ref.1)thattheextentofthegrain-
boundarydisplacementinthefirstsurgeofmotionisa linearfunction
ofthetemperature(seefig.U-). T!bisresultwasobtainedby thedirect
comparisonOPa seriesof samplesof similarcrystallographicorientation
soselectedastoyielda highglidingrate.Whenthecorresponding
findingsfrcm&Elssmplesthatweretestedazeaveragedirrespectiveof
orientation,theresultislesssharpbutstillindicatesa linearrela-
tionshipbetweenthestepheightandthetemperature,atleastforthe
firstcycleofactivity(seetableII). Becauseofthesmearingoutof
subsequentcyclesatthehighertemperatures,itisnotpossibleto
extendthisanalysisbeyondthefirstcycle.ItisapparentfrantableII,
however,thatthedisplacementineachsurgedecreasesprogressivelywith
thetim&.

lhfluenceofStressonRateofGrain-EoundaryDisplacement

Theinfluenceofthestressupontherateofdisplacementis
isolatedby themethodofaveragingouttheorientationeffects.
fora testingtemperatureof300°C,thelogarithmoftheaverage

again
When,
time

requiredto reacha displacementof25micronsisplottedasa function
ofthestress,thecurvereproducedinfigure12 isobtained.Whilethis
curvemightbe consideredstraightovermodestrsmgesofthestress
(i.e.,100to 400psi)thecurveas a wholeisdistinctlynotlinear.
Neitherisa linearcurveobtainedby plottingthestressdirectlyasa
functionofthethe forunitdisplacement.

-tative~, itappearsthatthestressrelationshipis subject
to limitsinbothdirections.Belowa certainstress(somewherebetween
10andm psi)no displacementwasfoundwithinanexperimentallyfeasible
time,evenattemperaturesapproachingthatofmelting,whileathigh
stressvalues(e.g.,1,6oopsi)grain-boundarydisplacementfailedto
developbeforethebicrystalsneckeddownandruptured.

hfluenceofRelativeCrystalOrientationson

RateofGrain-BoundaryDisplacement

Theinfluenceoftherelativecrystalorientationsuponthecumu-
lativerateofdisplacementisbothcomplexinformandlargeinmsgni-
tude.Mmy attemptsto relatethecrystalorientationandtherateof
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glidingweremadewithoutfindingmorethanvaguetrendsbeforethe
schemeillustratedinfigure13wasfoundtoyielda looselyquantitative
relationshipthatholdsequallyat all.temperaturesatwhichgrain-
boundaryglidingwasmeasured.Toapplythisrelationshipit isneces-
saryfirstto identifytheoperativeslipplanesinbothcrystals,either
by calculationorby directobservation,andalsotheoperativeslip
directionineachfsmil.yofactives~p planes.Theanglebetween the
operativeslipdirectionsofthetwo’qrainsisdesignated0,andthat
~etweentheoperativesldpplanes,asmeasuredintheplaneofthegrain
boundary,iS m. EmpiricU, therelationshipbetweenthedisplacement
rate D,theaveragedisplacementrate Da (asreadfromthegraphsin
fig.9),smdtheanglese and co is

D=w(e+u))
c

wheretheangularconstantc isfoundto havea valueinthenei@ibor-
hoodof65. Abouthalfofthemeasuredratesfall.within5 percentof
thevaluessoesttited;verymuchlargerdeviationsaresometimes
encountered,probsblybecauseoftheoperationofmorethanoneslip
systeminoneorbothofthecrystals.Bicrystalshavinga twinrela-
tionshipnevereXbibitedanydisplacementupontheboundary,butit
shouldbe notedthatnoneweretestedwiththeboundarylyingat other
than45°tothetension-s.

A schematicrepresentationoftherelationshipbetweenthedis-
placementrateandthetwoangles(e and m) ispresentedinfigure14.
An impressionofthespreadofrealdatapointsfrcma regularsucces-
sion,whenplottedinthesamemanner,maybe hadfrcmfigure15,which
isfairlytypicalofexpertientalresults.

Similarplots(figs.16and17)correspondingto rektivelyshort
teBtingintervalsshowinadditionthatthedurationoftheinduction
periodtendstovaryinverselywiththesumoftheangles13and m.
Inthesegraphs,pointsplottedasdotsinthezero-displacementplane
representthestatesof samplesthathavenotyetbegunto glide;the
differenceinthenumberofpointssodenotedinfigures16 and17 corre- ‘
spendstothenumberof ssmpleshavinginductionintervalsofbetween
300and450hours’durationunderthestatedconditionsoftesting.In
thisexamplethe e + u anglesfalIlintheramge50°* 10°;thessmples
withlargeranglesforthemostpartexhibitedshorterinductionperids,
whilethoseof smalleranglemostlyhadlongerinductionintervals.

Further,itistobe notedthatthemagnitudeofthedisplacement
inthefirstcmpletecycleofglidingis.relatedqualitativelyto the
crystallographicorientationinthessmemanneras istheoverallgliding

. .._..__ _ ~ ..__ ___ -—.___ _
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rate. Thereareinthisinstsmcefewerdataavailableforcomparison,
but,insofarasthesepermitthetestingoftherelationship,itappears
thatthecorrespondenceisaboutequaltothatcitedforthecaseofthe
overalldisplacementrate.

MicrostructumlObservations

Microstructuralobservationsmadechiefly subsequenttothecom-
pletionofcreeptestingrelatemainlytotwoconditions:(1)The
breadthoftheactivezoneand(2)theheterogeneityofmovement,through-
outthisandadjacentzones.At thelowesttemperatureatwhichgliding
is observed,thepathof sheerremainsnarrowandapparentlysharp
(fig.18). Thatthiszonehasfinitewidth,however,isreadilyseen
by comparisonwitha correspondingphotomicrograph(Pig.19)ofa similar
sampletestedata highertemperature.Muchthesameeffectisprduced
by increasingthestress(fig.20). Thewidthoftheactivezoneisnot
a constmtatanyfixedvaluesoftemperatureandstressbutvariessome-
whatfromssmpleto sample,beingthenarrowestwheretheglidingrateis
highestandthebroadestwheretherateisleast;moreover,thewidth
alwsysincreaseswiththeprogressofthetest.

Furtherevidenceofthefinitethiclm.essoftheshearlayerisgiven
by e=nation ofthecontouroftheedgesofthesamples,wherethe
motionisnotparaUeltotheexternalsurface(fig.21). Infigure21
theuppermostdiagonaltracereveals~ain-boundarydisplacement,and
thosebelowaregrossslip,whichoccurredsimultaneouslyandina nearly
paralleldirection.It isclearlyapparentthatslipproducesa rela-
tivelysharpstepattheedgesurface,whilegrain-boundaryglidinghas
resultedintheformationofa roundedterrace.Moreover,ifthedis-
tributionoftheoriginalo=de skinuponthedisruptededgesurfaceis
e~ed, itisfoundthatnoneofthisoxideisretaineduponthesur-
facesof stepsexposedby slip,whereasa substantialquantityof oxide
is distributedacrosstheterraceproducedby grain-boundarymotion,the
distributionbeinguniform,thoughsparse,ina bandcorrespondingin
thicknessandlocationtothedarkenedgrain-boundarytraceuponthe
broadfaceofthessmple.

Grain-’boundsrymigrationofthekindfoundby Grantandothersin
polycrystallinealuminumhasnotbeenobservedinanyofthealuminum
bicrystalswithstraightgrainboundaries.Occasionally,shearingwas
uponotherthantheoriginaUyetched-in boundary(e.g.,fig.22),
but,oncea pathof shearingwasestablished,motioncontinueduponthis
paththroughoutthebalanceofthetest. Inotherwords,theoriginal
grainboundaryoffigure22musthavemigratedtoa newpositionin
imediateresponsetotheestsblislmentofthetemperatureandstressof
testingandpriorto anydisplacementalongtheboundary.Occurrences
suchasthiswererelativelyuncmmnon.

—— ----
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Theheterogeneityofthemotionsthatresultingrain-boundarydis-
placementareperhapsmostvividlydescribedby theuseofananalog,
which,becauseofitsobviouslimitations,istenderedwithdiffidence.
Theo%serverofthemotionisremindedoffluidflowinwhichthelinear
flowthatisoccurringthroughoutbothcrystalsgiveswaytoturbulent
flowintheirmnediateneigliborhoodofthegrainboundary.Thetransition,
thoughnotfollowinganysmoothlineofdebarkation,occursmoreorless
abruptly,andthedegreeofturbulenceappearsfairlyuniformwithinthe
activezone.An impressionoftheviolentrotationsthatoccurwithin
thiszonecanbe hadfromfigure19,wherea portionofa referencesquare
intheupperleftofthepicturehasbeenrotatedthroughanangleof45°;
evidentlythissquareisupona relativelyundistotiedfragmentofmetal
thatwascaughtinthemiddleofthestresmofturbulence.Otheroccur-
rencesofthiskindwereseen.Ordinarily,however,thereferencemarks
aresofragmentedanddispersedinthisregionthattheycanno longer
be identified.Oneofthemostusualreasonsforterminatingthetests
shortoffracturewastheobliterationofthereferencemarksby this
action.

If,aftercreeptesting,thebicrystal.isoncemoreelectropolished
andexamined,theresultingappearanceofthereferencesurfacemaybe
as infigure23. A dominantfeatureofthisstructureisthepresence
ofa uniformdistr~butionof subgrains,recentlyremarkeduponby Hunter
andRobinson(ref.25)‘andothers.Thegrainboundaryispreservedwith
remarkablesharpnessalthoughitslocationsometimesdeviatesindetail
fromthatoftheetchingtraceproducedbeforecreeptesting,ashas
beennotedabove.Thetwocrystal.faces,nowlyingatdifferentlevels,
areconnectedby a slopingsectionadjacenttotheboundary,which,though
apparentlycrystallographlcallycontinuouswiththelowercrystal,exhibits
an obviousdMferenceinthetextureofitssubgrains.A rathersimilar
structurehasbeendescribedby Gifkins(ref.19)as occurringinlead-
thallimalloys.Thisdetailofthemicrostructurecorrelateswiththe
findingsoftheX-raydiffractionstudies.

Outsidethezoneof “turbulence”theplasticmotionisby nomeans
uniform.Thisisshownclearlyinfigure7 whereadjacentreference
squaresoutsidethemostactivezone=e elongatedanddistortedin
strikinglydifferentwaysandamounts.Theseeffectsaremostpronounced
duringthelateportionoftestsinwhichthecrystalshaveexhibited
largeextensions.Metallographicexaminationtellslittleofhowthese
heterogeneousdistortionsprogresswithtime,butdisplacementreadings
madeuponreferencepointsthatarewithinthisregionofhigh(butnot
turbulent)activityshowclearlythatthereferencesquaressqyirmthis
wayandthatinan erraticmanner.At hightemperature,or stress,the
regionofobviouslyheterogeneousmotioneventuallyextendsallacross
bothcrystals;greatlyelongatedreferencesquaresarethenseento occur
inbandswhichseemto correspondtothekinkbandsobservedby Ramsey
(ref.26)andothersinaluminumduringcreep.

.
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X-RayDiffractionExamination

TheX-raydiffractionexaminationsupportsthemetild.ographicobser-
vationsinallrespects.Aftertesting,bothcrystalswerealwaysfound
to.haveleenreducedtofragments,whichhadrotateda fewdegreesoutof
theoriginalorientationoftheparentcrystalina mannerreportedby
virtuallyallrecentinvestigatorsofthecreepprocess(seefig.24(a)).
Intheinitialpublicationonthisresearch(ref.1),theaxisofrota-
tionwasidentifiedasan octahedraldirectionintheparentcrystal.
Thistypeofrelationshiphasrecentlybeenconfirmedanddescribedin
furtherdetailby Gervais,Norton,andGrsnt(ref.27)asoneoftwo
mechanismsofkink-badfomationinalu@num;theothermechanismisa
rotationabouta [~] axis.

Withinthezoneofturbulencealongthegrainboundarytherotations
becomesolargethattheIauepatternoftenlosesalltraceofkinship
withthepsrentcrystal(fig.24(b)).Thiseffectismostreadilydis-
playedbya Lauephoto~ammadewitha microbeamdirectedupontheter-
raceattheendofm operatedgrainboundary,suchasthatinfigure21.
Ifa similarphotogrsmismadewiththebeamdirectedupononeofthe
stepsexposedby slip,no greaterdisorganizationoftheparentcrystal
isregisteredtbanthatshowninfigure2k(a).Thus,itisapparentthat
thestructuralchsmgesaccmpan@nggrain-boun@rydisplacementaredis-
tinctlygreaterinmagnitudethanthoseaccompanyingslip-bandformation.
Itisfurtherapparentthatthemicrostructuredisplayedinfigure23may
notbe interpretedasa returntoanythingresemb~ thepredeformed
statesofthetwograinsofthebicrystal;substantialorientationdiver-
gencemustexistamongthesubgrains,eventhoughthishasnotdestroyed
theappsrentsharpnessofthegrainboundary.

ConcurrentMechanicalEffects

Concurrentmechanicaleffectsobsenedinthecourseofthepresent
studiesconcernthemodeofelongationoftheindividualgrainsandthe
mannerofultimateruptme. Forthemostpart,thestresslevelsemployed
weresolowthatthelinealextensionsoftheindividualcrystalswere
barelyperceptibletbroughmuchofthecourseofeachtest. h nesrlyall
casesa rapidinitialrateofextensionceasedbeforemorethan1 or
2 percentofextensionhadoccurred.Therefollowed,then,”alongperiod
duringwhichtheextensionwasetiremelysmall,itsratebeingapproxi-
mate~ const=t. Occasionally,therateofextensionofoneof.thecrys-
talsabruptlybecsmelarge,thoughitwasusuallyconstantatthehigher
rate;thiseventalwaysprecededruptureinthatcrystalby from5~ to
1,000hours(seefig.4). Failurealwaysoccurredintherapidlyextending
crystalata considembledistancefranthegrainbounds@;failurewas
usuallymidwaybetweenthegrainboundaryandthespecimengripandocca-
sionallyveryclosetothegripbutneverclosetothegrainboundary.

.

,
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Suchbehatioriscontrarytothatofpol.yc?@tallinealumimmwhich
isgenerallyfoundtoruptureintergranularl.y.b thebicrystalsthe
grainboundaryappearedtoactasa stiffener,preventingneckingfrom
occurringinitsvicinity.Perhapsthemostremarkablefeatureofthese
observationsisthattheacceleratedextensionrateforetellingrupture
wasfeltovera shortgagelength(0.32centimeter)adjacenttothegrain
boundaryandrarelylessthm 2 centimetersfromthesiteofvisible
neckingandultimaterupture.

It isworthyofnotethattherewasneteranysuggestionofa time
correlationbetweentheonsetof surgesofgrain-boundaryglidingandt~
rateofextensionofeithercrystal,oroftherateoftotalextension.
Neitherwasthereanyevidencethattherateofgzain-boundarymotionwas
changedby analterationintherateofcrystalelongation.Onlywhen
bothrateswerechangedby a changeinthetestingtemperaturewerethey
alteredsimultaneously.

ComparisonofBehaviorofCastand

RecrystallizedGrainBoundaries

Thebehaviorofcastversusrecrystallizedgrainboundarieswasccm-
paredbytheadditionaltestingofa shortseriesofbicrystalsmadeby
controlledprogressivefreezing.ThesesamplesweregeometricalJ.yequiv-
alenttothestrain-annealedbicrystalsinallrespects.Whensimilarly
testedtheyetibitedallofthebehaviorchsxacteristicsoftherecrys-
tall.izedbicrystalswiththesingleexceptionthattheratesofboth
gain-boundarydisplacementandcrystal.etiensionwereonlyaboutone-
thirdthoseofcomparablerecrystallizedbicrystals.

Withthecastbicrystals,itwaspossibletoproduceseveraltest
barsfromthesamecasting,thusaffordinganopportunityto investigate
thereproducibilityoftestresults.‘I&outcomeofa compsxisonamong
threeidenticgdcastbicrystal.ssmplestestedsimilarly,butindifferent
equipmentandatdifferenttimes,ispresentedinfigure25. Whilethe
time-displacementcurvesforthethreessmplesdonotsuperimpose,they
haveverysihilarformandtheoverallratederivedfromanyoneofthem
wouldbewithintherangeofexper-tal errorconsideredprobablefor
thesestudies.Thefactthatthecyclesofactivitydonotcoincide
exactlyintheearlystagesofthetestsseemslesssignificantwhenit
isobsenedthat,later,thethreessmplessettledowntoalmostcoin-
cidentcyclesofactivityofyerysimilarmagnitude.

,—...———..—..—— .—.— —. ———. -—
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DISCUSSIONOFRESULTS

Theforegoingfindingsdemonstrate,beyondreasonabledotit,that
grain-boundaryglidingisnota viscousprocess,norisitevenquasi-
Viscous. Neitherofthemajorcharacteristicsofviscousbehavior,which
areconstancyoftherateanddirectproportionalityoftheratetothe
stress,isexhibitedingrain-boundarymotion.Here,by “rate”ismeant
theinstantaneousslopeoftheaveragetime-displacementcurve,this
averageincludinga randcmdistributioninbicrystalorientations.Once
againtheamorphous-metalhypothesisisfoundwantingandreasonsfor
theexistenceofanapparentlyuniformcreepratemustbe soughtelse-
wherethsminthepostulatedviscousflowupon-in boundaries.

Thedecayingrateofgrain-boundarydisplacementstandsalsoasan
argumentagainst’grain-boundary“migration”beingsn essentialpartof
thedisplacementprocess.If,asGrantandcoworkershavesuggested,the
capacityofa grainbounikmyto supportflowbecomes’pemanentlyexhausted,
thenthereportedmigrationofthegrainboundarytofreshsitesshould
tendtomaintaina constantaveragerateofglidlng,Fromthefactthat
thisdidnotoccurinthe”bicrystalsofthepresentinvestigation,itmay
be inferredboththatthegrainboundarycontinuesto occupythessmepath
andthatthereisa permanentchmgeinthecrystallinematteralongthat
path,a changewhichiscapableofdecreasingtherateofflowbutnotof
stoppingit,excepttemporarily.BothmetallographicandX-raydiffraction
demonstrationspointingtothesameconclusionhavealreadybeencited;
glidingappearedalwaysto continueuponthesamepath,which,withthe
passageoftime,becamebroaderandmorehighlyfragmentedanddisoriented.
Thesharpappearanceofthegrain-boundarytraceuponreetchingtiter
testingprobablycomesfromthefactthattherotatedsubcrystalfragments
fromeachgrainhavea coimonaxisofrotation.

Withglidingcontinuingupona singlepath,itbecomesimportsntto
considerwhatprocessesmaybe responsibleforthealternationofperiods
ofrestandmotion.Therehasbeenestablisheda qualitativecorrelation
betweentheextentoftheinductionperiodandthecrystalorientation,
theinitialdelaybeingthelongerthesmallertheanglesofx&matching
betweentheconjugategrains.Sincethisrelationshipbecomesmostclearly
apparentwhentheorientationdifferenceisviewedintemnsofdifferences
intheorientationsoftherespectives~p planesandslipdirectionsin
thetwocrystals,itmaybe inferredthattheonsetofglidingis somehow
relatedtothedevelopmentofcrystalJ_ographicdisturbanc~atpoints
wherecrystallographicslipimpingesupon,orcrosses,thegrainboundsry.
Themoreviolentthedisturbancethebriefertheinductionorrestperiod.
Itisworthrecallinginthisconnectionthattheoriginalinitiationof
grain-boundarymotionisalwaysprecededby a substsmtialdegreeofgen- u
eralextensionofthespecimen,asmeasuredovershortgagelengthswitld.n
bothcrystalsandacrossthegrainboundary;suchextensionisalmost
certainlyeffectedby slip,eventhoughvisiblesliplinesmaynotba.ve
developed(refs.28to 33).



NACATN 3556 17

Thus,itappears
adjacenttothegrain

thata bendingofthecrystallinematterimmediately
boundaryisprobablyprerequisiteto gliding,

althoughitdoesnotnecesssril.yfollowthatgrain-boundaryshearoccurs
withindeformedmetal.Indeed,reasondirectsthatquitetheopposite
mustbe true,becausetheveryfactofglidingsuggestslocalizedyielding
withina bandofmetalthatis softerthanthemetaldeeperwithinthe
bodiesoftheconjugategrains.Itseemspossible,therefore,thatthe
developmentofa disturbedzonealongthegrainboundaryis itselfpre-
requisiteto localizedsofteningby somekindofrecoveryprocess,such
aspol.ygonization.Supportforthishypothesisistobe derivednot
merelyfromtheX-rayevidencebutmostparticularlyfromthesuddenness
withwhichmotionbegins.Wereyieldingto occurpreferentiallywithin
a zoneofdisturbedmetal,it shouldbe expectedthatglidingwouldbegin
graduallyasthedisturbancewasbuiltup.

Letitbe supposed,accordhgly,thatyieldingoccursby s~p within
thesoftenedgrain-boundarybandandina directionas closelyapproxi-
matingpsrall.elismwiththegrainboundaryasthesubgrainorientation
relationshipswillallow,thisbeingtheonlydirectioninwhichslip
couldproceedveryfarwithoutencounteringresistancefromthelesssoft
metaloutsidetheactivezone.Thisactionwould,ofcourse,resultin
a grossshearnearlyparallelwiththegrainboundary.Itwillbe noted,
however,thattheamountofglidingthatoccursinanyonecycleis
obviouslymanytimesmorethanenoughtowork-hardenthegrain-boundary
zonetoequalitywiththehardnessofthebodiesofthecrystals.This
maymeanthatthetotaldisplacementresultsfroma rapidsuccessionof
alternationsof slipandrecoveryinthegrain-boundaryzone. SuchaJ.ter-
nationswouldhavetobe wellcoordinated,withslipoccurringsimul-
taneouslyallalongtheactivezoneandthenrecoveryoccurringeverywhere
atnesrl.ythesameinstant.

Thereisno difficultyinvisualizinga coordinatedbeginningof
theprocessjustdescribed,because,attheoutset,thebendingofthe
crystalsshouldbe uniformallalongthegain boundaryandrecoveryshould
occureverywhereataboutthesameinstant.Itisnotplausible,however,
thatthealternationsof slipandrecoveryshouldremaininphasethrough
a verylsrgenumberofrepetitions,wheretheslipmustbe transmitted
througha chainof sub~ainsthatinevitablycliffer somewhatintheir
orientationsfranplacetoplacealongthegrainboundary.As someof
theregionsgetoutofphasewiththeotherstheyshouldtendtoblock
gliding,andwhena majorpartofthemetalintheactivezoneisno longer
yieldinginphasethereceasestobe anyreasonto expecttheaverage
extensiontobe parallelto thegrainboundary;glidingshouldceaseto
be apparentandthedeformationwithinthesub~ainsalongthegrain
boundaryshouldbecomeverysimilartothateverywhereelsewitheachcrys-
tal,whichisto saythattheirresultantstrainshouldbe altogetherin
thedirectionoftheappliedstress.
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ThisprOVideSa reasonnotonlyforthesubsidenceofgrati.bo~~
flowtitoa stateofrestbutalsofortheerraticdisplacementreadings
cormonlyobtsinedasglidingslackensandceases,fortheevidenceof
tmbulenceprovidedby themetallographicandX-raycliffractionstudies,
andforthefacttba.textensioninthedirectionoftheappliedstress
continuesinthegrain-boundsryzoneduringtherestperiod.Withslip
occurringlocallyina sequenceof shortbursts,eachtimeina reformed
sub~alnof slightlydifferentorientation,thelocalslipdirectionmay
changedrasticallyfromtimeto time,withtheresultthata surfaceref-
erencepointwilldescribea farfrm regularpathofmotionandthe
grain-boundaryzonewillappearasthoughina turbulentstate.

At theterminationofa cycleofmotionthebicrystalmusthave
returnedtomuchthesamestateasthatinwhichitexistedbeforegrain-
boundaryglidinghadoccurred,exceptfortheexistenceofa narrowzone
alongthegrainboundarywherethesubgrainsarerathermoredisoriented
thanelsewhere.Trsasgrazmlarslipor itsequivalentmayagainpredom-
inatead, oncemore,bendingofthecrystallbemattermaydevelopmore
orlessunifomil.ysJJ_alongthegrainboundarywhereslipimpingesor
crosses.IXthisleadsto simultaneousrecovery’ti alongthegrain
boundary,a newwaveofcoordinatedslipsadrecovery,thatis,a new
cycleofgliding,tillfollow.Themaindifferencethatisexpected,in
thissecondevent,isthatthenewlyactivatedzoneshouldbe somewhat
thickerthantheoriginalone,owingto interferencefrm thedisoriented
zonetieadypresent,ad out-of-phasebehaviorshouldthereforedevelop
sooner,thusdecreasingtheextentofthedisplacementineachsuccessive
cycle.Thetimebetweencycles(i.e.,thelengthoftherestperiods)
shouldalsoincreaseprogressively,becausemoreslipwillbe necessary
eachtimeto conditiomtheeverthickeningactivezoneforrecovery.

Lestitbe inferredthattheauthorsareclaimingoriginalityfor
theideaofalternatingslipad recovery,as such,it shouldperhapsbe
pointedoutthatthisconceptwasputforwardby Bailey(ref.A) in1928
andagainina formcloselyapproximatingthepresentproposslby Cottrel.1
andAytekin(ref.35) in 1950.

Althoughthenatureofthemechanismjustdescribedissuchasto
discourageattemptsto expressit inmathematicalterms,itsbasiccon-
ceptisrelativelysimple,nsmel.y,thatplasticmotion,whichissustained
ina unitofcrystallinematterby analternationof slipsndrecovery,
becomesequivalentto a ~oss shearwhenevera numberofunitsyieldin
unisonina physicaHycontinuouschain;theroleofthegrainboundaryis
simplythatofa nucleatorof suchq chain.Thismechanismmeritscredence
to theetientthatitaccmmndatesthecharacteristicsofgain-boundary
flowthathavebeenobservedexperimentally,towit: Thedirectionof
flowisinsensitivetothecrystalorientation,whiletherateofflowis .
responsiveto orientation;an inductionperiod,whichisorientationsen-
sitive,precedesgliding;thedisplacementbeginsat itsmaximumrateand
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diesoutaltogethertitera littletime;thesubgrainsaremoredis-
orientedalongthegrainboundarythanelsewhere;theidentityofthe
grainboundaryispreserved;no glidingoccursattemperatwesbelowthat
atwhichrecoverymaytakeplace;momentsxytemperaturechangesfailto
interrupttherestperiodbutdo tifectthesmountofthedisplacement
iftheyoccurwhileactiveglidingisinprogress.Theratecharacter-
isticsreqtiremoredetailedconsideration.

Theoverallrateofgrain-boundaryglidingisdeterminedlythe
smountofthedisplacementineachcycleandthefrequencyofthecycles.
Tfitbe truethattheactivepartofthecyclerepresentstheoccur-
rence,withina brieftihneintervsl,ofa ratherdefinitenmnberofalter-
nationsof slipandrecoverypriortothedevelopmentofblockingby out-
of-phaseregions,thedisplacementachievedduringthisintervalmustbe
mainlya matterofhowmuchslipcanoccurbeforetheconditionsreq-
uisiteto recoveryaredeveloped.Whetherthisshouldbe a linearfunc-
tionofthetemperature,astheexperimentsseemta indicate,wouldappear
tobemuchthesamequesti?naswhetherthereisa linearincreasewith
thetemperatureintheamountofplasticdeformation,by rollingathigh
temperatmejthatisreqtiedto inducerecrystallizationina pieceof
aluminw.Theauthorshavebeenwble tofinda clearanswerto this
questionintheliterature,butsuchsketchyindicationsashavebeen
foundatleastdonotdenythepossibilitythatsucha relationshipexists.

Thecyclefrequencyispresumedtobe theinverseofthetimerequired
to accumulateenoughcrystalbendingatthegrainboundaryto induce
recovery.As a manifestationofpolygonization,recoveryinvolvesanacti-
vationenergyandtheamountof storedener~ of crystalbendingrequired
toexciterecoveryshouldbe associatedwiththetemperateinaccordance
withtheArrheniusrelationship.Becausetheeffectoftemperatureupon
,theextentof slippriortorecoverymaybe expectedto influencethe
overall.rateofgrain-boundaxyglidinginoppositewaysduiingtheactive
andduringtherestperiod(i.e.,highertemperatureincreasesgliding
linearlyduringtheactiveperiod,whileitmaybe expectedtodelaythe
terminationoftherestperiodcorrespondinglyby requiringthatmoregen-
eralextensionofthemetaloccurpriortothereestablishmentof coor-
dinatedyieldingalongthegrain%o~) it seemsthattheeffectof
temperatureupontheextentof slipshouldnotinfluencetheshapeofthe
overallratecurve.Thiswouldleaverecoveryastherate-controllhg
process.Inthisconnectionit isinterestingtonotethatFazan,Sherby,
andDorn(ref.21),usingmeasurementsfromthepresentstudies,havecalc-
ulatedanactivationenergyforgrain-boundaryflowwhichissimilarto
theactivationenergyofself-diffu8ioninaluminum.

Itisdifficultto justifythecube-rootlawfortheisothermalrate
ofglidingexceptcpal.itativel.y.As hasbeenpointedout,thethickness
oftheactivezonealongthegrainboundaryincreasesprogressively.This
isexpectedto decreaseboththedisplacementin successivecyclesandthe
frequencyofthecycles.‘Thusjtheoverallratemustdiminish.withtime.

.-. . . —.— . ..——.———— -- —..— --——- —. - .- . ————.— _ .— -. -—-— ..—
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TotalProcessofCreep

A relationshiptiththetotalprocessofcreepisnowapparent,
althoughitsnatureisnotatdl ofthekindthathadbeenexpected.
Theinitialpropositionthatgrain-boundaryflowhasa linearrateand
isresponsibleforthelinearrateof secondarycreepisdeniedby the
decayingrateofgain-boundsxygliding.Theredoesremaina clearllnk
withsecondarycreep,however,inthesubgrainrotationthataccompanies
bothprocessesandtheapparentheterogeneityofthelocslizedrotations
andextensions.

Surprisingly,thedirectassociationofgrain-boundaryflowseems
tobe withprimarycreep.Theratesofbothprocessesarecomtantwith
thecuberootofthetime;thevariationintherateisauArrheniustype
functionofthetemperature;and,withinlimitedrangesof stress,the
logarithoftherateisnesrlya linearfunctionofthestress.Such
extensiveconfomitycanscarcelybe coincidental.An obviousinterpre-
tationisthatprimarycreepatelevatedtemperaturesrepresentsa stage
duringwhichgliding,similarin somerespects,atleast,tothatatthe
grainboundary,is occurringsJ-ongisolatedzonesscatteredthroughthe
crystals. McLean,(ref.17),amongothers,hasdescribeda processby
whichkink-bandfomationwithinthegains canleadto a regionofloch
softeningby polygonization,andwo, Shewman,andBeck(ref.36)have
shownthatthem.ibgrainstructurethatdevelopsduringtheearlystages
of creepoccursinbandsofgreatlydifferingsubgrainsizethatcross
thegrainsat intervals.‘Theessenceofthepresentproposalisthat
thesezonesshouldhe isolatedandshouldoperateindividuallyas coor-
dhatedchains,sothatthesamefactorthatispresmedresponsiblefor
thedec@ng rateof~in-’boundaryflow,namely,thelsteralgrowthof
theactivezonecoupledwithincreasing.sUbgrainrotation,mayoperate
to controlthedecayofthe~te ofprimarycreep.It seemsnecessary.
topostulate,also,thatthenunlberoftheactivezonesisestablished
attheoutsetandthattheseincreaseonlyinvolumeandnotinnumber;
otherwisetherateofflowwouldbemodifiedby therateofappearance
ofnewactivezones.Thisviewseemsconsistentwiththefindingsof
WoodandScrutton(ref.37)totheeffectthatthedisorientationofthe
wibgrainsgraduallybecomesdetectableby X-raydiffractionmethodsduring
theprimarystageof creep.

Whenthe activezonesfinallyimpingeupononeanother,theirgrowth
mustceaseamdtherateofextensiondueto alternatingslipandrecovery
shouldr.anainconstantsolongastheseactivezonesretaintheiriden-
tity. Thisis secondarycreep.Someindicationthatsecondarycreep
doesinvolvean integrationofmanylocalizedcyclic-yieldingoperations,
suchasthisproposaldemands,istobe derivedfromobse?nationsreported
by C!kngandGrant(ref.13). ItisinterestingtonotealsothatGervais,
Norton,andGrant(ref.27)remarkedthatkinkbandsdonotgrowinwidth
(presmablyduringsecondarycreep).

.
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Passingnowtothird-stagecreep(acceleratingcreep)andrupture,
thepresentexperimentsofferthreenewobservationsofpossiblesigni-:-
cance.First,thegrainboundariesarenotinherentlyweakinpurealu-
m&m andrupturedoesnotoccuralongthemunlessforcedto do so;Chang
andGrant(ref.11)describeda processofpolycrystallinerupturein
whichstressesconcentratedatgrain-boundary“triplepoints”nucleate
rupturewhichthenspreadsasa crackfromtriplepointto triplepoint
alongthemostdirectpathavailable,whichusuallyhappensto approximate
thegrainboundary.Second,theincreasingrateoftertiarycreepis
feltallacrossthecrystalsmdnotmerelyinthelocalitywherenecking
isincipient;neckingappearstobe a consequenceratherthana causeof
acceleratedcreep.Third,in singlecrystalsacceleratingcreepisnot
continuouslyacceleratingbutisrathera newconstantratethatiscon-
siderablyhigherthanthatof secondsrycreep.It seemsreasonableto
assumethattheprogressiveaccelerationthatischaracteristicofthird-
stagecreepinpolycrystalJ.inemetal.isa consequenceofthisstagebeing
attainedatdifferenttimesindifferentgrains.

Metallograph.ically,themainfeaturethatbecanesapparentwiththe
onsetofthird-stagecreep,besidesheavyslipbands,isthedevelopment
oflongsurfaceridgesuponwhichthereferencesquaresaremuchmore
elongatedthanintheinterveningvalleys(seefigs.7 and26). ~s
suggeststhat,smnehow,thesamesortofrapidchainyieldingthatoccurs
alonggain boundariesdevelopsinextendedzonesacrossthegrainsthem-
selves.Justwhythisshouldhappenabruptlyandconcurrentlydl across
a grainisnotpresentlyapparent,butthisdoessuggestthattheessen-
tial.differencebetweensecondaryandtertiarycreepliesinthedegree
oforganizationoftheunitoperationsofalternatingslipandrecovery.

Theseproposalsarebestsumedupby referencetotypical.creep
curvesshownschematicdd.yinfigure27. At a temperaturebelowthatat
whichrecoverymayoccur,thealternationof slipandrecoveryisnot
availsble,sothatcreepmustproceedby slipalone.Theratewilldimin-
ishasthemetalwork-hsrdens.Ifthestressisoftheorderofa quarter
oftheultimatetensilestress,orlarger,extensionmaypersistuntil
neckingcsaoccurandrupture,followsa briefperiodoflocalizedaccel-
eratingextension.

At highertemperaturetheprocessbeginsinthesamemanner,but,
ina moment,scatteredzonesofkinkingbegintopolygonizeandthe
recoveryeffectedtherebypreventstherateofextensionfromdeclining
asrapidlyas itotherwisewould.present~,cyclicslipinpol.ygonized
regionsbeccmesthedominantmeclumi.smofextensionandtheratedeclines
linearlywiththecuberootofthetime.Whentheactivatedzonesimpinge,
therateceasesfurtherto decreaseandisconstsatovera periodoftime
untillongcontinuousbandsofkinkingdevelop,whereuponcoordinated
slip-recoveryyieldingestablishesa newandmuchhigherrateofextension.

.——< . . . .. .—— — .-— ——. .—. -———----- - —+ -————-———— -—.- ----
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Meanwhile,andalsomuchesrlier,grain-boundaryshearhasbeeninprog-
ress. Thisultimatelydevelops,atthree-andfour-grainjunctions,local
tensile-stressconcentrationsthataresohighthatcracksdevelopand
spreadtoproducefailure.

DevelopmentofAlloysWithHigh-TemperatureCreepResistsmce

Sincetheul.t&ateobjectiveofthisresearchisthepracticalone
ofpointingoutthemostprmisingavenuestowardthedevelopmentof
alloysof superiorhigh-temperaturecreepresistance,itisappropriate
to considerwhatbearingtheforegoingfindingsandinterpretationshave
uponthissubject.It seemstothepresentwritersthat,tobe effective,
anymeasuxeto increasethe high-temperaturecreepresistancemustaccom-
plishoneormoreofthefolkwingaims: (1)Reducetherateof second-
srycreep,(2)delsytheonsetoftertisxycreep,@ (3)minhizecoor-
dinatedslip-recweryyieldingbothatgrainboundariesandelsewhere
withinthemetsl.

Solid-solution-formingalloyadditionsshould,ingeneral,increase
boththeresistancetoplasticflowandtherecoverytemperature.Thus,
themostspecificeffectof solid-solution&U_oyingisexpectedtobe the
elevationofthattemperatureminimumbelowwhichno slip-recoverycreep
csnoccurata specifiedstresslevel.Evenabovethistemperature,how-
ever,allsolid-solutionadditionswhichraisetherecrystallizationtem-
peratureshoulddecreasesomewhattherateof slip-recoveryyieldingin
allof itsaspects;theunifo?mcreeprateshouldbe lower,grain-boundary
glidingshouldbe slower,andtertisrycreepshouldbebothslowerandof
lateroccurrence.

Theeffectofanadditionwhichproducesa newphaseinthealloy
maybe expectedtovarywidelydependinguponthemechanicalproperties
ofthenewphase,itsrelativevolume,andthemannerofitsdistribution
inthealloystructure.!$’bus,a fullyrandomdistributionof smallpkte-
likehsrdparticlesmaybe expectedtoprevent(orgreatlydelay)the
occurrenceoflongkinkbandsandtherebytheonsetoftertiarycreep.
Howe=r,itisconceivablethatplatelikeparticleslaiddownalonga
planeinthecrystal,asprecipitateparticles,sometimesdevelopupona
slipplane,andthesecouldhavetheoppositeeffectby assistingthe
coordinationof slip-recoveryyieldingalongthatplane.Itseemsunlikely
thathardparticlessituatedupona grainboundarywouldaccelerategliding,
butitisaltogetherpossiblethattheywouldhaveno significanteffect.
Theessentialcontributionofthegrainboundaryis seentobe thatofpro-
vidinga pbysicald.ycontinuouspathforcoordinatedslip-recoveryyielding;
second-phasepsrticlesareexpectedto interfereonlyiftheymakethepath
offlowsodevious.thattheeffectiveshearineachcycleofglidingis
reduced.Thesefewsamplesmayserveto illustratethemannerinwhichthe
principlesthathavebeenproposedmightbe ap@iedtotheprediction,or
interpretation,ofalloyingeffects.

.
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It isapparentalsothatthearrangementofthecrystalsina piece
ofmetalshouldhaveaneffectupontheoccurrenceandextentofgrain-
boundarygliding. Thus,preferredorientationsthatminiiuizetheorien-
tationdifferencefrcmgrainto neighboringgrainmaybe expectedbothto
reducethecontributionofgrain-boundaryflowtotheoveraldextension
andto increasethetimeto rupture.Thereseemtobe scantgroundsfor
hopethatpreferredorientationswouldgreatlysffecttheratesofeither
secondaryortertiarycreep,althoughmodesteffectsareperhapstobe
anticipated.

CONCLUSIONS

As a resultof creepstudiesconducted
thetemperaturerangeof 200°to 650°C and

uponalumimmbicrystalsin ~
thestressrangeof10to

1,6oopsithefollowingmajorc~acteristicsofgrain-boundarygliding
havebeenestablished:

1.Glidinguponthegrainboundaryisspasmodicandbeginswithan
inductionperiod.

2.Thedirectionofglidingisdeterminedlythedirectionofthe
maximumshearstressparalleltothegrainboundaryandisindependent
ofcrystalorientation.

3.Thevelocityofglidingincreaseswiththeangulardifference0
betweentheoperativeslipdirectionsintheconjugatecrystalsandin
additionwiththeamgulardifferenceo betweentheactiveslipplanes
asmeasuredbetweentheirtracesuponthegrainboundary

Displacement= ~ M
65 .

where & is
conditionsof

theaveragedisplacementforallorientationsunderstated
temperatureandstress.

4.Theaveragedisplacementforallorientationsis
thecuberootofthetime.

5.Thelogarithmoftherateofglidingisa linear
reciprocaloftheabsolutetemperature,theslopegiving
energyof11,000* 1,000caloriespermole.

6.Comideringthedetailof spasmodicgliding,the

constantwith

functionofthe
an activation

displacementin
onecycleisa linearfunctionofthetemperatureprevaili~-duringthe
periodofactivityandthelengthoftherestperiodbetweencycles
decreaseswithrisingtemperature. .

-.——. -.= .—. ——. ..— — ...— ——.— .—— -——.— .-—-- —— .—.———. —-
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,’

7. Forsmallstressrsnges,thelogaritlmofthetimeforunit
gllq isalmostproportionaltothestress,butno simplemeanshas
beenfoundtorelatethedisplacementandthestressoverlargeranges.

8. Glidingcontinuesindefinitelyina sequenceof cyclesuponthe
ssmepath,Wbichbecomesbroaderwithtimeandbroadensthemorerapidly
thehigherthetemperatureandthehigherthestress.

9.Theactivezonealongthegrainboundaryiscomposedof subgrains
thatarerotated(abouta mO] axis,amongothers)throughratherlarger
-S t~’=e t~ ~b~~ oftwbody ofthecrystal-,thedirection
ofrotationreversingmanytimesduringa singlecycle.

10.Rupturedoesnotoccurthroughthegrainboundaryinbicrystals;
thefractureisalwaystranscrystalline.

Il.Precedingneckingandrupture,the crystalthatisdestinedto
failabruptlyincreasesitsrateofextensionto a faster,butWear,
ratethatobtainsthroughoutthatcrystal.

12.Castbicrystalsexhibitaboutone-thirdtherateofextension
and~ain-boundarygUdingthatstrain-annealedbicryst- ofthesame
compositionexhibit.

13.Fmnthe aboveobsemationsit isconcludedthatgrain-boundary
glidingconsistsinanalternationofcoordinatedslipandrecovery
operationsina physicallycontinuouschainof mibgrainslyingalongthe
grainboundary.Coordinatedmotionisbelievedtobe activatedby the
accumulationofener~,intheformofcrystalbending,astransgrsmilar
slipimpingesuponthegrainboundaryandto decayasthealternations
of slipandrecoverydriftout.ofphasefrompointtopointalongthe
- boundsxy.

14.Becauseprimsrycreephasthessmeratecharacteristicsas grain-
boundarygliding,itisproposedthatthesamekindofmechanismoperates
intransgramlaxbandsh primrycreep;whenthebandsgrow,soasto
includethewholevolumeofthemetal,theratebecomesconstant;ter-
tiarycreepfollowswhenlargegroupsofactivebandsbecomecoordinated,
perhapsby grosskinkinn.

Someexamplesof
inguidingthesearch

Carnegie~titute of
Pittsburgh,Pa.,

.

the

for
mannerinwhich
creep-resistant

Technolo~,
April15,1954.

theseconceptscouldbe employed
alloyshavebeencited.



z
. NACATN 3556 25

REFERENCES

1.Rhines,F.N.,bandCochardt,A.W.: PreviewofBehaviorofGrain
BoundariesinCreepofAluminumBicrystals.NACATN 2’746,1952.

2.Rosenhain,W.,andHumfrey,J. C.W.: TheTenacity,
ltractureofSoftSteelatHighTemperature.Jour.
lhd.,VOI..87,pt.1, 1913,pp.219-271.

3.An&de, E. N. daC.: TheFlowofMetalsUnderLarge

Deformationand
IronandSteel

ConstantStresses.
Proc.-Roy.Sot.(London),ser.A, vol. 90,no.619,July1,1914,
pp.329-342.

k. Clark,C.L.,andWhite,A.,E.: PropertiesofNon-FerrousAUoys at
ElevatedTemperatures.Trans.A.S.M.E.
1931,pp.183-189.

, vol.53,no.8,May-Aug.

5.Moore,H.F.,Betty,B.B.,andDollins,C.W.: Investigationof
CreepandIYactureofLeadandLeadAlloysforCableSheathing.
Bull.No.306,Eng.Exp.Station,Univ.ofIll.,vol.35,no.102,
Aug.19,1938.

6.King,R.,Cahn,R.W.,andchal.mers,B.: MechanicalBehaviorof
CrystalBoundariesinMetals.Nature,vol.161,May1, 1948,
p. 682.

7.Betteridge,W.,andl&mklin,A.W.: An InvestigationoftheStruc-
, turd.ChangesAcccnnpanyingCreepinTin-AntimonyAlloys.TheJour.
fist.Metals,vol.80,pt.3,Nov.1951,pp.lk7-150.

8. Servi,I.S.,amdGrant,N.J.: StructureObservationsofAluminum
DeformedinCreepatElevatedTemperatures.Trans.Am.12mt.Min.
andMetall.~., vol.191,1951,.pp.917-922.

9. Chang,HsingC.,andGrantjNicholasJ.: ObservationsofCreepin
GrainBoundazyinHighPurityAlumimm. Trans.Am.ut. Min.and
Metall.Eng.,vol.194,1952,pp.619-625.

10.Grant,NicholasJ.,Servi,ItalioS.,andChaudhuri,Arup: Slipand
GrainBoundarySlidingasAffectedby GrainSize. Trans.Am.Inst.
Min.andMetall.~., vol.197,1953,pp.217-218.

11.Chang,HsingC.,andGrant,NicholasJ.: GrainBound~ Slidingand
MigrationandIntercrystallineFailureUnderCreepConditions.
Trans.Am.Inst.Min.andMetall.Eng.,vol.197,1953,pp.3@-312.

——— -.——.— —. . . .



.26

12.

13.

14●

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

.

NACATN355b

Chaudhuri, A.R.,Grant, N. J.,andNotion,J.T.: Metallograpmc
ObsemtionsoftheDeformationofHXgh-PurityMagnesiuminCreep
at500°F. Trans.Am.Inst.Min.andMetall.Eng.,vol.197,1953,
pp.7x2-716.

m, H=c=>~dGr~t> NOJ“: ~mogeneity inCreepDeformation
ofCoarseGrainedHighPurityAluminum.Trans.Am.Inst.Min.and
Metall.Emg.,vol.197,1953,pp.1175-1180.

Radringer,W. A.: RelativeGrainTranslationsinthePlasticFlow
ofAluminum.TheJour. Ihst. Metals, VO1O 81,pt. 1, Sept.1952,
pp. 33-41.

Puttick,K.E.,andK%ng,R.: Boundary sup inBicrystaLsofTin.
TheJour.Tnst.Metals,vol.80,Pt.10,JUE 1952,PP.537-544.

McLean,D.: CreepProcessesinCoarse-GrainedAluminum.TheJour.
Inst.Metals,Vol.80,pt.9,May1952,PP.507-519=

McLean,D.: Grain-BoundsrySlipDuringCkceepofAluminum.TheJour.
Inst.Metals,vol.81,pt.6,Feb.1953,pp.293-300.

Gifkins,R. C.: ThelhfluenceofThalJiumontheCreepofLead.
w Jour.hst. Metd.s,vol.81,pt.8,Apr.1953,PP.417-425.

Gifkins,R. C.: StructuralStudiesoftheCreepofLead. TheJour.
-t. Met-, VOL 82,pt. L S@. 1953,PP.39-47.

Roberts,C. S.: CreepBehaviorof12ckrudedElectrolyticMagnesiw.
Trans.Am.Inst.Min.andMetall.I@., vol.197,1953,pp.1121-11.26.

Fazan,Bernard,Sherby,OlegD.,andDorn,JohnE.: SaneObservations
onGrainBoundsryShearingDuringCreep.Trans.Am.hst. Min.and
Metall.Eng.,vol.200,1954,pp.919-922.

d, T’ing-Sui:ExperimentalEvidenceoftheViscousBehaviorofGrain
Bo~ies inMetals.Phys.Rev.,ser.II,vol.71,no.8,Apr.15,
1947,pp.533-546.

Ke,T’ing-Sui:StressRe_tion AcrossGrainBoundariesinMetals.
l?hys.Rev.,ser.II,vol.72,no.1,July1,1947,pp.41-46.

Ke,T. S.: A GrainBoundaryModelandtheMechanismofViscousInter-
Crystallineslip.Jour.Appl.Phys.,vol.20,no.3,Mar.1949,
pp.274-283.“ .

Hunter,M. S.,andRobinson,D. L.: RevealingtheSib-grainStruc-
turesofAluminum.l?rans.Am.ht. Min.andMetall.Eng.,vol.197,
1953,PP.717-722”

. .

— — .——.——— .—— —–-—



NACATN 3556 27

26.

27.

28.

29.

30.

31.

32.

33●

34.

35.

36.

37.

Rsmsey,J.A.: TheSub-GrainStructureinAluminumDeformedat
Elevat@Temperatures.TheJour.Inst.Metals,vol.81,pt.4,
Dec.1952,pp.215-216.

Gervais,A.M.,Norton,J.T.,andGrant,N.J.: lQnkBandFormation
inHigh-Puri@AluminumDuringCreepatI@h Temperature.‘llmns.
Am.Inst.Min.andMetall.Eng.,vol.197,1953,pp.1487-1492.

Kurnosov,D. G.,Tronina,N.M.,andYakutovich,M. V.: Distribution
ofVolumeDeformatio~inMetallicCrystalsDeformedby Slip.
zhurnalTekhnichesko~iz~,vol.18)no.2~ l~y PP.197-206*

Brown,A.F.jandHoneycomb,R. W. K.: Micro-SlipinMetalCrystals.
Phil.Msg.,vol.42,no.333,Ott. 1951,pp.1146-1149.

Wilsdorf,H.,andKuhlmann-Wilsdorf,D.: A NewSurfaceStructure
onDrawnAluminw. Naturwiss.,VOI. 38,no.21;1951,p. 502.

Kuhlmann-Wilsdorf,D.,VanderMerwe,J.H.,andWilsdorf,H.: Ele-
mentaryStructureandSlip-BandFormationinAlumin.m.Phil.Msg.,
ser.7,vol.43,no.341,June1952,pp.632-644.

McLean,D.: CrystalSlipinAMiminumDuringCreep.TheJour.lhst.
Metals,vol.81,pt.3,Nov.1952,pp.133-14-4.

Trotter,J.: Electron-lfLcroscopicStudiesofSlipinAluudnumDuring
Creep.TheJour.Inst.Metals,VO1.83,pt.9,May1952,PP..521-523.

Bailey,R.W.: NoteontheSofteningof StrainHardenedMetalsand
ItsRelationto Creep.TheJour.wt. Metals,vol.35,pt.1, 1926,
pp.2q’40.

CottrelJ_,A. H.,andAytekin,V.: TheFlowofZincUnderConstant
Stress.TheJour.ht. Metab,VO1.77,1%0, pp.389-422.

Hino,J.,Shewmsm,P. G.,andBeck,P.A.: EffectofSimultaneous
StrainonSubgrainGrowth.Trans.Am.Inst.Min.andMetall.Eng.,
VO1.194,1952,pp.873-874.

Wood,W.A.,sndScrutton,R. F.: MechanismofPrimaryCreepin
Metals. TheJour.Wst. Metals,vol.77,pt.5, Jan.1950,
pp.423-434.

.—— —. -——. .—. —



28
.

NW13EROF ALlllINVM

TABLEI!

BICRYSTAISTESTEDATVARIO~

TEMmRATm ANDSTRESSES

Numberofbicrystslstestedatstress,psi,
of -

Temperature,
‘c Lessthan

50
50 100 200 400 830 1,600

3

3’00 2 28’ 7 14 2 1

400 1 18 1 1

500 1 6

@o 2 1

650 1

TABLEII

AVERAGEGRAIN-EOUNDARYDISPLACEMENTINEACHCYCIZ

Temperature, Averagedisplacementineachcycle,mm

‘c FirstcycleSecondcycleThirdcycleFotih cycle

m 27x 10-3 22x 10-3 17X 10-3 13X 10-3

70 63 35 30
~o 100 --------- --------- --------- .
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(a)Twicalbi~Vstd deeplyetehedtoshowc~stdorientationdifference;
Tucker’setch;magnification,X3.

Figure1.-Typicalbicrystals.
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(b)Typicalbicrystalaftertested1,176hoursat300°C undera stress
of100psiexhibitinggrain-boundarydisplacement,reference
pattern,and,ateachend,indentationsfromspecimengrips;
magnification,X3.

Figure1.-Concluded.
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Figure2.-ReferencepatternonfaceofabtcrystQ;magnification,X30.
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Figure3.- Schematicplanofmeasurementsmadeuponbicrystalsduring
creeptesting.
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Figure 4.- Typical curve of grain-boundexy dlaplacement versu time with
accompanying plots of concurrent elongation of each crystal and total
etiension; .9pecimentef3tedat 300° C under a stress of 100 psi.
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Figure ~.- Grain-boundaryMa-placementversus time at 3C0° C and a stress
of 200 psi, in which separate curves ere plotted for each of three
reference points along grain boundary. Notice
be coincident after a time
would show no cycles after

and that L average
first one or two.
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Figure 6.-Example of erratic readings sometimes obtained in a maaure -
rnentof grain-boundery dl.spl.acemnt versus time; specimen tested at
~“ C under a stress Ofxpsl..
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Figure 7.-Photomicrographof bicrystal subjected to stress of 202 psi
for 19 hours at ho C; magnification, XI.00; besides a highly dlEl-
torted grain-boundary zone, gross distortion in adjacent crystals
is 8h~j kink-band ridges sre those along which reference squares
have been mat drastically elongated.
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Figure 8.-Some effects of
boundmy displacement.
at end of a rest period
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temperature variation upon progress of grain-
An accidental overheating of 100° C occurring
has caused a very lsxge displacement to occur.

When temperature ;- returned to Its original level of 503° C, a nor-
@ rate-of gliding with normal cycling ~as resumed. ~ter temper-
ature was deliberately increased by 50°C during eaxly part of a rest
period, and rest period continued ~fected for another 2 weeks.
This is typical of many suah experience.
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o 100 200 300
& 3:HR

Figure9.- Grain-bound&ydisplacementaveragedforalJtestsat300°,
~0°, and500°C,respectively,undera stressof100psiandplotted
asa functionof cuberootoftime;shadedsreasindicatespreadof
datapointsemployedinaverages.
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Figare 10.- Logarithm of average displacement in SO hours as a function
of reciprocal of absolute temperature Tk.
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F@e Il.- Grain-boundarydisplacement during first cycle In four spec-
Inhsnehaving similar crystallographic-orientationrelationshipstested
at four different temperaturesunder a 8tress of 1~ psi.
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Figure 12. - Stress needed to produce an average grain-boundary displacem-
ent of ~ microns at 300° C as a function of logarithm of time.
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One of theOperotiveSlip
Planes(114)in Crystal I
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Direction [110] ~
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Figure13.- Schanaticrepresentationofa bicrystalshowinggrainbound-
aryheatilyoutlinedandslipplanes
Anglebetweenslipdirectionsis 0;
uredinplaneof grainboundary,is

ofbothcrystalslightlyoutlined.
thatbetweenslipplanes,asmeas-
U.

.
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Figure 14.- Schematic plot of relationships between ~ain-bounds.ry
displacement and amgles @ and m. u, angle between tracea of
favorite slip plaues interjected with gq.alnboundary; e, angle
between favorite slip directions of two crystals.
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Figure15.- Grain-boundarydisplacementin200hoursinbicrystalsof
variousorientationrelationshipstestedatkOOOC undera stress
of 100psi;figureshowsincreaseindisplacementwithan increase
in e+~.
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Figure16.-Grain-boundarydisplacementin300hoursinbicrystalsof
variousorientationrelationshipstestedat300°C undera stress
of 100psi;notethatspecimens39 and41areamongthosewhich
havenotyetstartedto glide.
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Figure17.-Grati-boundarydisplacementinbicrystalsof
tationrelationships;sameasfigure16but150hours
thatspecimens39and41exhibitdisplacement,
angleme stilldormant.
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Figure18.-Photomicrographofgrain-boundarydisplacementof 150microns
sfter1,600hoursat 300°C undera stressof100psi;magnification,
X250;noticethatdisturbedzoneis scarcely0.001millimeterinwidth.
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Figure19.- ‘ ‘Photomicrographofgrain-boundarydisplacementof350microns
after750hoursat~0° C undera stressof100psi;magnification,
X75;dist~bedzoneaJ-ow~ati boundaryishereabout0.100millimeter
inwidth.

.-. — .Z —–. .



48 NACATN3556

Figure20. -” Photomicrographof~ain-bound.arydisplacementof110microns
sfter936hoursat3CH)0C undera stressof200psi;magnification,
X200;disturbedzoneisabout0.100millimeterinwidth.
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Figure21.- Photomicrographofgrain-boundarydisplacementof 300microns
andgrossslipafter864hoursat ~0° C undera stressof100psi;
-if ication~=; uPPertiwo@ traceisgain bounb, whilethose
belowareslipbands;comparerounded-edgecontouratendsofgrain
boundarywithsharpstepsatendsof slipbands;alsonotethatgrati-
boundarydisplacementhasbeenparalleltoreferencesurface,while
sliphasproducedledgesuponreferencesurface.

.
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Figure 22. - Photomicrogaph of grain-boun~ displacement along a path
which iB not coinci~entwfth original gr~ boundary upon which there
haa been no dlsp=cement; ,qrain-boun@ migration evidently preceded
gliding, but path of glidiW then remained constant through 2,W0 hours
and 50 microns of displacement;m+gdfication, D&).

I
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Figure23.- Shortsegnentalonggrainboundaryof specimenillustrated
infigure20 deeplyelectropolishedandetchedaftertesting;magni-
fication,X400;noticethatgrainboundaryis sharpandthatsubgrains
areuniformexceptina bandthatseparateslowergrainfromactual
boundary.

.— .. ..— .— ——.— ___



52 NACATN3556
.

.

.

(a)hue back-reflectionpatternofoneofgrainsofa bicrystaltested
at @o C undera stressof100psishowingfragmentationof crystal
accompaniedby a rotationof subgrainsby a fewdegreeswithrespect
to orientationofparentcrystal.

Figure24.-Laueback-reflectionpatterns.

— _————.
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(b)Laueback-reflectionpatternofgrain-boundaryledgeofa bicrystal
similarlytestedexcep~foronly~0hourssho&ngthatmetalalong
grainboundaryhasbeenbrokenup intominutecrystallitewhose
orientationsaremorewidelydispersedthanthoseoforiginalcrystal.

Figure24.-Concluded.

—- — —-. .——.
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Figure ~. - Grain-bound~ displacementversus
cast bicrystala tested at ~“ C under a
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time for three identical
stress of 400 pfii.



NACATN35136

.

55

Figure26.- Ssme bicrystalasthatshowninfigure7;magnification,13.5;
surfacewrinklesarepresumed.tobe resultofkinkbauding;lowerend
ofthisspecimenisfracturedend.
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Figure 27.- Schemtic representationof ideal creep curves.


